Introduction {#Sec1}
============

The evolution and ecology of conspicuous warning visual (Cott [@CR14]; Svadova et al. [@CR66]; Stevens and Ruxton [@CR64]), auditory (Hristov and Conner [@CR30]; Bura et al. [@CR10]), or multimodal (Ratcliffe and Nydam [@CR51]) signals in prey to deter predatory attacks through signaling the presence of defenses (chemical, mechanical, etc) is in the center of behavioral ecology (Ruxton et al. [@CR56]; Mappes et al. [@CR38]). Warning signals help the predators to quickly learn and remember how to recognize the defended and distasteful/poisonous prey that should be avoided. Olfactory or acoustic signals promote learning by the predator to visually avoid the aposematic prey (Rowe and Guilford [@CR55]; Rowe and Guilford [@CR54]; Rowe [@CR53]; Kelly and Marples [@CR32]; Hauglund et al. [@CR28]). Sometimes multiple modalities, for example olfactory and visual, or acoustic and visual modalities, are used for aposematic signaling to predators because multiple modalities would enhance the effectiveness of aposematism. For example, bumblebees are not only aposematically colored but they also use warning acoustic signals when disturbed (Goulson [@CR24]).

While the mechanisms of evolution of aposematism in the context of predation have been in the center of modern evolutionary ecology for years, the possible role of aposematic signals in other ecological contexts has been largely ignored. Many aposematic signals are conspicuously presented not only in response to actual predatory attack but either continuously or in response to any stimulus that may indicate danger and a possibility of predator presence. Therefore, it is expected that they will be detected by all organisms nearby the aposematically displaying individuals and in the contexts other than predation. Hence, it is likely that, in addition to protecting the prey in the context of predation, the warning signals affect other ecological interactions between signaling individuals and other organisms in the same ecosystem. Indeed, aposematic signals have been shown to affect interactions in the context of mating (Summers et al. [@CR65]; Melo et al. [@CR41]; Crothers et al. [@CR15]), or oviposition (Papaj and Newsom [@CR48]). However, we are unaware of any study on how aposematic (warning/defensive) signals that deter predatory attacks may also affect inter-specific ecological competitive interactions between the predator and prey.

An aposematic (chemically or otherwise defended) prey is often taxonomically distant from the predators that drive the evolution of aposematism (insect prey and avian predators: Harvey et al. [@CR27]; Wiklund and Järvi [@CR68]; Alatalo and Mappes [@CR1]; insect prey and mammalian predators: Hristov and Conner [@CR30]; and amphibian prey and mammalian predators: Saporito et al. [@CR58]). Hence, if competition between the prey and predator is present in those systems, it belongs to the category of "competition between distant taxa" (Diamond [@CR16]), which is expected to have highly asymmetric outcome (Diamond [@CR16]; Barnes [@CR2]). However, only a dozen or so reports focused on the competition between distant taxa (Carpenter [@CR12]; Brown et al. [@CR7], [@CR8]; Brown and Davidson [@CR6]; May et al. [@CR40]; Eriksson [@CR19]; Woodin and Jackson [@CR69]; Hill et al. [@CR29]; Hurlbert et al. [@CR31]; Schluter [@CR59]; Morin et al. [@CR43]; Englund et al. [@CR18]), representing a tiny fraction of papers on competition (MacArthur [@CR37]; Gilpin and Case [@CR22]; Pimm [@CR49]; Diamond and Case [@CR17]; Schoener [@CR60]; Sih et al. [@CR61]; Goldberg and Barton [@CR23]; Sommer and Worm [@CR63]).

Richness of taxonomic composition of many ecological communities may create situations in which competition between distant taxa is observed. For example, in a typical temperate forest, natural tree cavities are used by an assemblage of cavity nesting birds, by bats, and by some insects including chemically defended Hymenoptera (Carlson et al. [@CR11]). Therefore, we may expect direct competition between birds and hymenopteran insects, such like bumblebees, when tree cavities are in short supply. Here we investigated the competition between bumblebees and birds for cavities. Because bumblebees can benefit from, or may require, plant materials already present in the cavities (Fye and Medler [@CR21]; Goulson [@CR24]; Lye et al. [@CR36]), we may expect that they shall try to steal freshly built nests from the birds. Bumblebees are well defended (sting) and they signal this to their predators with warning coloration (Mostler [@CR44]; Brower et al. [@CR5]) and with warning auditory signals when disturbed (Mostler [@CR44]; Kirchner and Roschard [@CR33]; Goulson [@CR24]). Bumblebees also use abandoned or active nests of mammals and ground or tree cavities with abandoned nests of birds (Goulson [@CR24]; see a review of published reports in Rasmont et al. [@CR50]) including nestboxes (Osborne et al. [@CR46]). Therefore, one can expect that bumblebees may benefit from taking over a cavity with a freshly built nest if only they are able to oust the birds that are using the cavity. Indeed, reports of successful oustings of breeding birds by bumblebees in mixed forests of southeastern Europe (Rasmont et al. [@CR50]), northern Europe (Orell and Ojanen [@CR45]), and Japan (Mikami and Yamaguchi [@CR42]) suggest that this competition may be present in temperate forests. Tits are common cavity nesters and they are known to predate on bumblebees (Haeseler [@CR25]; Forster-Johnson [@CR20]; Goulson [@CR24]; Brennand [@CR3]). Hence it appears that competition between bumblebees and birds can be categorized as competition between the prey and their predators. The behavioral mechanisms of this competition have not been studied.

Our aim was to study the mechanism and the outcome of interactions between bumblebees and cavity-nesting birds (*Parus minor* and *Poecile varius*) in nestboxes. We asked whether bumblebees attempt to settle in those boxes to which the birds brought fresh nest materials and whether their warning signals may provide an advantage in taking over the nests from birds.

Methods {#Sec2}
=======

Study species {#Sec3}
-------------

The study was conducted in the slopes of the Gwanak Mountain that surround Seoul National University campus in Seoul, South Korea. Many bumblebees, including the common Korean bumblebees, *Bombus ardens* and *Bombus ignitus*, require cavities for nesting (Sakagami and Katayama [@CR57]), and accept artificial nestboxes made for bumblebees (Yoon et al. [@CR70]). The bumblebee nestboxes resemble bird boxes but they are smaller, have smaller entrance holes, and contain plant material for insulation (Fye and Medler [@CR21]; Goulson [@CR24]; Lye et al. [@CR36]). The queens emerge and search for suitable breeding cavities around the same time when cavity nesting Oriental tits (*P. minor*) and Varied tits (*P. varius*) approach their peak of nest building and egg laying activity (Choi et al. [@CR13]; Hannan et al. [@CR26]; Lee et al. [@CR35]; Rhim et al. [@CR52]). By providing avian nestboxes in a forest where natural cavities are rare, we observed the competition between tits and bumblebees for the nestboxes.

Nestbox monitoring schedule {#Sec4}
---------------------------

Sixty and 122 nestboxes were monitored in the mixed forests of the Gwanak Mountain (N 37 27.46 E 126 56.81; altitude between 102 and 248 m) in 2010 and 2011, respectively. The size of the nestboxes was 11 × 15 × 25 cm, and the entrance hole had a diameter of 3.5 cm. They were hung 2.50--3.50 m above the ground on the tree trunks at least several months before the breeding season. This was a part of ecological research on tits, and nestbox checking schedule differed between the 2 years. In 2010, nestboxes were checked once in 1--2 weeks in April and May. In 2011, they were checked twice a week from early April till the end of June. The breeding status of birds in each nestbox was classified as one of the three categories: *Empty*---box empty or with only a small amount of mosses, the typical material used by tits (less than 1 cm layer, usually much less), *Nest Present*---advanced nest-building stage (more than 1 cm layer of mosses; usually almost a full nest present) or egg laying, and *Bird Present*---eggs or nestlings present. Categories Empty and Nest Present differed clearly in the absence/presence of plant materials required for bumblebees to set up their nests in the nestboxes, but they did not differ in terms of the long-term presence of a bird inside the box (because tits visit the nestbox with plant materials and stay for a short time during nest building, a bird is absent from those nestboxes for most of the day time). Categories Nest Present and Bird Present differed mostly in the presence/absence of a bird (incubating eggs or hatchlings), which may affect bumblebee's attempts and success in invading the nestbox.

Statistical analysis of nestbox occupancy {#Sec5}
-----------------------------------------

We treated each year separately because of different monitoring schedule (see above). In 2011, we were able to categorize the stage of nesting at the date when the bumblebee was first recorded due to frequent nestbox check. All recorded bumblebee invasions occurred between 20.04.2011 and 23.04.2011. This corresponded to about 1-2 weeks after the first sightings of bumblebee females actively searching for nest sites in our study area. In 2010, we did not check the nestboxes frequently but one of the visits was conducted on the 22nd of April 2010, a date similar to the dates of bumblebee invasions into nestboxes in 2011. Therefore, the nestbox category on the 22.04.2010 was used in the analysis of 2010 data, assuming that the status on this date represented the status at the moment of bumblebee intrusion (unknown to us for 2010). Two weeks after this date, during a consecutive nestbox check, no new invasions were recorded.

We used these data to compare the distribution of nestbox status categories among all nestboxes with the distribution among nestboxes where bumblebees were recorded. The presence of a bumblebee in a nestbox at a given stage (Empty, Nest Present, or Bird Present) indicates that the bumblebee invaded the nestbox at this or the earlier stage(s). To test the idea that bumblebees preferentially attempt to settle in those boxes in which nest material is already present, we compared the frequency of nestboxes with bumblebees at the stage of Empty with the nestboxes at the stage of Nest Present, i.e., when the bird's presence in the box was minimal but the substantial amount of the nest material was already present.

To evaluate the idea that bumblebees attempt to settle less often in those nestboxes in which the bird is already incubating or brooding than in those at an earlier stage, before the birds are almost constantly present in the nestbox and may defend it, we compared the frequency of nestboxes with bumblebees between nestboxes at the stage of Nest Present with the nestboxes at the stage of Bird Present.

We can be certain that the bumblebee individuals were different each year which assures the independence of our data. However, the tits were not individually marked, and we cannot exclude the possibility that some pairs of tits were recorded twice in two study years. Therefore there is some possibility of lack of independence for a (probably) small portion of our data points that might have been collected from nests of the same birds. Considering this, for each of the two hypotheses, we analyzed the data separately for each year, viewing them as two, fairly (albeit not entirely) independent, tests of the same hypothesis. Because the focal animals, whose behavior is characterized, are the bumblebees and not the tits, we considered that this partial violation of independence may not cause serious problem for our main conclusions. We used Fisher's exact test in Statistica (StatSoft---Tulsa, USA). All *P* values are two-tailed.

Playback experiments in nestboxes {#Sec6}
---------------------------------

To test the idea that the warning defensive buzzing by bumblebees contributes to nest abandonment by the birds, in 2012 we conducted field experiments in which we recorded behavioral responses of incubating birds to the bumblebee buzz. However, to minimize the negative effect of research procedures on the breeding success of birds, we decided to conduct experiments in nests that were at the late incubation stage, when birds are less sensitive to disturbance. Typical daily incubation pattern of the Great tit (*Parus major*), a species very closely related to the Oriental tit (Päckert et al. [@CR47]), involves long bouts of incubation, each lasting for an average 30 min (Bryan and Bryant [@CR9]), and each followed by a short bout (on average 8 min; Bryan and Bryant [@CR9]) of foraging or other activities performed by a female after she leaves the nestbox. Hence, a female who just left a nest at the incubation stage is expected to come back within a relatively short time (about 20 min in our study site), to enter the box and to stay there for a relatively long time (half an hour or more in our study site, if not disturbed). We used this situation to study the effect of a sudden auditory disturbance, combined with the presence of a bumblebee model within the nest material, on the reaction of a female who just entered the nest and started the incubation session. We predicted that any sudden disturbance inside the nest may lead to the disruption of the normal incubation behavior, and that the disturbance consisting of the bumblebee buzz will affect the normal incubation behavior especially strongly.

In the 2012 breeding season, we conducted playback experiments in 11 nestboxes at the stage of late incubation/early feeding (i.e., 1--2 days old nestlings that were brooded by the bird). Each incubating female was tested in two conditions, bumblebee buzz (*Buzz* treatment) and bird song (*Bird* treatment, which serves here as a control) separated by 1--2 days. In six nests, the Buzz treatment was the first, while in the remaining five nests the Bird treatment was the first condition. In both treatments, the playback was delivered through a modified speaker (Fig. [1a](#Fig1){ref-type="fig"}). In the middle of the speaker, we glued a 1-cm-long toothpick with a dead bumblebee onto its end. This set (speaker with a bumblebee) was hidden in the nest material, such that the bumblebee model was partially visible but the speaker was not visible to the bird (Fig. [1b](#Fig1){ref-type="fig"}). We monitored the behavior of the incubating bird using a small video camera located at the ceiling of the box and with a miniature microphone attached to the camera. For the Buzz treatment, we played the buzz of bumblebees recorded in one of the nestboxes occupied by the bumblebees in 2012. For a Bird treatment, we used songs of the birds most commonly heard in the study area: the cuckooing sound of the Little Cuckoo (*Cuculus poliocephalus*) in May and the vocalizations of Brown-eared bulbul (*Hypsipetes amaurotis*) in June. The bumblebee and bird recordings (Tsuruhiko and Michio [@CR67]) were edited to last for 3 s and to play at approximately similar amplitude (according to human perception). For each playback experiment a different recording was used (different bumblebee recording or a different section of the commercially available recordings; Tsuruhiko and Michio [@CR67]). For the graphical representation, the observations were scored in the following way: 1 = some reaction, but not flying out; for example, raising the body and keeping it raised, going to the side of the box, going to the entrance but not flying out, pecking at the bee or nearby; 2 = female reacted by flying out. For the statistical analysis we only used the binary variable indicating whether the playback affected the female (1) or not (0), and we used one-tailed McNemar statistics with continuity correction to test the hypothesis that the Buzz treatment affected females more strongly than the Bird treatment did.Fig. 1Methods used in the playback experiment. **a** Miniature flat speaker with a dead bumblebee on a 1-cm toothpick glued onto the speaker's membrane; **b** a frame from the video recorded with a camera located above the nest in the nestbox: a female Oriental tit is at the bottom raising from the nest in response to vibrations played back through a speaker-bumblebee device hidden in the nest material (marked by a *circle*)

Experiments with naïve hand-raised Oriental tits {#Sec7}
------------------------------------------------

To determine if the reaction to the bumblebee buzz, observed in the nestbox playback experiments, is innate or learned, we tested reactions of 11 hand-raised Oriental tits (age 30--60 days). The experimental birds were hand raised. They were fed with crickets (*Acheta domestic*a), mealworms (*Tenebrio molitor*), silkworms (*Bombyx mori*), and seeds (sunflower, walnuts, and peanuts) using tweezers and feeding containers. We tested their reactions in response to the vibration of the buzz being played through the toothpick glued on a speaker (the same speaker that was used in nestbox experiment; Fig. [1a](#Fig1){ref-type="fig"}) while the tit touched the toothpick to eat a small amount of butter on the tip (*Experiment 1*). To determine if tits avoid bumblebees using visual cues, we presented a dead bumblebee, held in the tweezers, to the 11 hand-raised Oriental tit fledglings (*Experiment 2*). Each presentation lasted 30--45 s.

In both experiments, we classified the response of the bird as "+" if the bird moved away and did not approach the toothpick again (Experiment 1), or if a bird clearly avoided probing/pecking at the dead bumblebee (Experiment 2). Otherwise we scored the bird's response as "−", indicating a lack of avoidance to either auditory/tactile (Experiment 1) or visual (Experiment 2) bumblebee-specific cues. Additionally, we described the manner in which the birds behaved during those tests. The same birds were used in both experiments. All birds were first tested with the toothpick and the sound stimulus, and several days later with the dead bumblebee on a toothpick. Every day the birds were fed butter on a toothpick multiple times to erase any possible association with the experimental cue (presented only once to each bird).

Results {#Sec8}
=======

Analysis of nestbox occupancy {#Sec9}
-----------------------------

Two species of tits bred in the nestboxes in our study site: the Varied tit (*P. varius*) and the Oriental tit (*P*. *major*). All seven nestboxes with bumblebees were at the stage Nest Present: five were at the stage of nest building and two were at the stage of egg laying (Fig. [2](#Fig2){ref-type="fig"}). Bumblebees were detected in 21 % (four nestboxes) of 19 nestboxes at the stage of "Nest Present" in 2010 (Fig. [2a](#Fig2){ref-type="fig"}), and in 12 % (three nestboxes) of 25 nestboxes at the stage "Nest Present" in 2011 (Fig. [2b](#Fig2){ref-type="fig"}). Each of these intrusion events occurred in different nestboxes.Fig. 2Occupation by bumblebees of the nest boxes at different stages: empty box (*Empty*), a box with a tit nest present before incubation started (*Nest Present*), or a box at the stage of incubation or brooding by tits (*Bird Present*). **a** Data from 2010 breeding season; **b** data from 2011 breeding season. Bumblebees were detected in 21 % (four nestboxes) of 19 nestboxes with bird nests before incubation occupied by birds in 2010 (Fig. 2a), and in 12 % (three nestboxes) of 25 nestboxes occupied by birds in 2011 (Fig. 2b)

In six cases, the tits appeared to abandon the nestbox. In one box, bumblebee was no longer present 3 days after its presence was detected in the nestbox, and Varied tits laid eggs and successfully raised nestlings afterwards. In both nests where bumblebees were found at the stage of egg laying, the eggs were abandoned by birds. Based on the features visible without capturing the bumblebees, they must have belonged to either *B. ardens* or *B. ignitus*, two similarly looking species (females look similar). *B*. *ardens* is the most common species in the study area (personal communication from S.H. Lee) and examination of several individuals by bumblebee specialists (S. H. Lee and M. R. Lee) indicated that probably all observed intrusions were by the queens of *B*. *ardens* (although *B*. *ignitus* cannot be excluded).

We never observed any fight or agonistic behavior, nor did we see an invading bumblebee (or any bumblebee at all) being killed by the tits. Due to short duration of our visits to the nestboxes at the early stages, and due to similarity of the egg coloration between the two tit species, we had no certainty about the tit species at the stage of nest building and egg laying for most of the boxes. However, the two species that used the nestboxes, the Varied tit and the Oriental tit, build nests that are similar in structure and the type of plant materials. Thus the nests were indistinguishable to us and could have provided similar environments for bumblebees.

In 2011, when nestboxes were monitored two to three times a week throughout the whole breeding season, we detected the first invasion by a bumblebee on 20.04.2011 and the last one on 23.04.2011. Two, out of the three, bumblebees detected in 2011 occupied nestboxes for 3 and 20 days (at least), respectively. The third nestbox was occupied by the bumblebees for at least 9 weeks, and the bumblebee female succeeded in raising a colony of workers which were observed in the nestbox on 18.05.2011 and 28.05.2011. After the monsoon season, however, the bumblebee colony disappeared from the box (no live bumblebees were present on 28.06.2011).

In accordance with the hypothesis that bumblebees attempt to settle in those boxes in which nest material is present, the presence of a well-developed bird nest was essential for occupation of a nestbox by the bumblebee (comparison between empty and nest present: Fisher's exact test *P* = 0.0132 in 2010 and *P* = 0.0096 in 2011; Fig. [2](#Fig2){ref-type="fig"}).

The frequencies of nestboxes with bumblebees did not differ significantly between the Nest Present and Bird Present nestboxes (Fisher's exact test; *P* = 0.2554 in 2010 and *P* = 0.4216 in 2011). Due to a small sample of Bird Present nestboxes (*n* = 7 and *n* = 8 for 2010 and 2011, respectively), this conclusion should be taken with caution. But if correct, the results do not support the hypothesis that bumblebees were more often observed in the nestboxes before incubation started; that is, before the birds were almost constantly present in the box (incubating or brooding) and might have attempted to defend the box when the bumblebees tried to enter.

Playback experiments in nestboxes {#Sec10}
---------------------------------

When the observer tried to open nestboxes that contained bumblebee females, the bumblebees buzzed in a typical defensive manner. This always caused an instinctive reflex of moving the hand away from the nest by the observer. The playback experiment tested if female birds would also be disturbed by these auditory warning signals more than by other sudden auditory signals (we used bird songs).

The sudden sound of a bird song played inside of the nestbox clearly disturbed some of the females returning to their incubation activities (Fig. [3](#Fig3){ref-type="fig"}). However, the sound of the bumblebee buzz invoked a reaction significantly more often than the bird playback did (Fig. [3](#Fig3){ref-type="fig"}; McNemar test, *χ*~1~^2^ = 3.200, *P* \< 0.037). Most of the incubating females (nine out of 11) showed signals of distress (flying out of the nestbox or lifting its body and moving to the edge of the nest away from the source of sound; Fig. [3](#Fig3){ref-type="fig"}) in response to the bumblebee buzzing sound, and only four females responded in this way also to the sudden bird song played within the nestbox. Most females did not pay attention to the bumblebee until the buzz was played. Only one female started attacking the bumblebee by pecking it vigorously right after entering the box before any playback was conducted. It was unusually bright inside of this particular nestbox.Fig. 3Reaction of incubating females to the playback of bumblebee buzz and to the playback of a common bird song in their nests

Experiments with naïve hand-raised Oriental tits {#Sec11}
------------------------------------------------

All ten out of 11 naïve hand-raised Oriental tits, that were sufficiently tame to frequently accept food items held by the experimenter, were not bothered by the buzzing through the toothpick. They continued eating the butter presented to them on the toothpick connected to the membrane of the speaker when the buzz was played. The same 11 tits, while eating the butter from the tip of the toothpick, were never bothered by the bird vocalization played through the loudspeaker to which the toothpick was attached. All of the 11 hand raised Oriental tits were not scared by the presentation of the dead bumblebee in the tweezers, and proceeded to peck on its wings, thorax, abdomen, or head in a manner similar to pecking a mealworm presented in the tweezers. In summary, the two experiments showed that naïve birds were not bothered by the auditory or visual cues that contain bumblebee-specific warning signals.

Discussion {#Sec12}
==========

Based on the previous reports of bumblebees ousting birds from nestboxes (Orell and Ojanen [@CR45]; Rasmont et al. [@CR50]; Mikami and Yamaguchi [@CR42]), we have hypothesized that bumblebee defenses and the associated aposematic acoustic signals may help them to oust birds from their nests. Our results have shown that indeed the acoustic signals (buzz) from the disturbed bumblebees may be crucial for the insects' success in this inter-specific competition for nest sites between the prey and the predator. Aposematic (warning/defensive) signals that deter predatory attacks have already been shown to affect intra-specific interactions in the context of mating (Melo et al. [@CR41]), intra-specific competition (Crothers et al. [@CR15]), or oviposition (Papaj and Newsom [@CR48]). Our study adds a new context to this list: inter-specific competition between the prey and the predator.

This is the fourth scientifically documented report of bumblebees directly stealing from birds their freshly built nests in the nestboxes. The three or possibly four species of bumblebees, *Bombus niveatus* in Turkey (Rasmont et al. [@CR50]), unidentified *Bombus* sp. in Finland (Orel and Ojanen [@CR45]), *B*. *ardens* in Japan (Mikami and Yamaguchi [@CR42]) and in Korea (this study), and possibly also *B*. *ignitus* in Korea (this study), all act like competitors or kleptoparasites (Brockman and Barnard [@CR4]), who steal freshly built nests from birds. Because most invasions observed in our study and all invasions observed by Rasmont et al. ([@CR50]), Orell and Ojanen ([@CR45])), and Mikami and Yamaguchi ([@CR42]) were associated with nest abandonment by birds, this kleptoparasitic interaction seems to lead to a clear decrease in the fitness of birds. This outcome is also consistent with asymmetrical nature of competition between distant taxa predicted by Diamond ([@CR16]) and recently confirmed by Barnes ([@CR2]) for marine taxa.

How common may this competition and its asymmetric outcome be in nature? It has been known that occasionally bumblebees use bird boxes (for example less than 5 % of natural cavities in Carlson et al. [@CR11]; about 3 % of nestboxes in Langowska et al. [@CR34]; 6--20 % nestboxes in Smetana and Miles [@CR62]), but usually no information exists whether it is a result of ousting of the birds or settling in an unused box. It is possible that at least some of those cases are an outcome of direct competition between bumblebees and cavity nesting birds. On the other hand, it is likely that unsuccessful attempts of bumblebees remain unnoticed (see example in [Supplemental Movie](#MOESM1){ref-type="media"} and [Supplemental Text](#MOESM2){ref-type="media"}) and unaccounted for, which may lead to underestimation of the frequency of these competitive interactions and to a bias in the evaluation of their outcome.

What is the mechanism underlying the bumblebees' success? We did not observe bumblebees in the nestboxes at the stage of incubation and brooding by birds. In Rasmont et al.'s ([@CR50]) study, most bumblebee (*B*. *niveatus*) invasions of the nestboxes also occurred at the stage of nest building, when birds are present in the boxes for a short time, which may allow the bumblebee to enter the nest easily. However, the lack of statistical support for the effect of bird presence on the occupation of nestboxes by bumblebees in our data is consistent with Rasmont et al.'s observations of some bumblebees (six out of 19) invading the nestboxes even at the stage of incubation or brooding, when birds usually stay in the nestbox for a large portion of day time. Like in the previous studies (Orell and Ojanen [@CR45]; Rasmont et al.'s [@CR50]; Mikami and Yamaguchi [@CR42]) the invaded nestboxes were abandoned by birds, and no indication of bird aggression towards, or consumption of, the bumblebees by tits was observed by us (no dead bumblebees found in the nest as well). Therefore, we suspect that the birds avoided the nestbox invaded by the bumblebee.

What could contribute to the success of bumblebees? Adult birds of many insectivorous bird species avoid aposematically signaling Hymenoptera (Mostler [@CR44]). Our nestbox playback experiments showed that the warning auditory signals given by a disturbed bumblebee may play a prominent role in mediating bumblebee's success in taking over the nest from birds. In this context of dark cavities and bumblebees being hidden in the nest material, the visual aposematic signals cannot enhance the auditory aposematic signals (Rowe and Guilford [@CR54]; Rowe [@CR53]; Hauglund et al. [@CR28]). Instead, the buzz alone appears to have an effect on the birds through auditory and tactile (nest material vibration) channels.

Can this result be a simple effect of the bird songs being well known and the buzz sounds being novel to the birds? If an incubating female suddenly hears a totally novel sound inside of her nestbox, it is expected that she will be alerted. However, we believe that both signals, and also sounds similar to the signals used in the experiments, are known to the wild birds from their previous experience. The song of the birds used in the experiments can be heard almost every day during a certain time of the breeding season in the study area. Similarly, the buzz of bumblebees, and sounds very similar to it, can also be heard by birds in the same habitat, especially early in the breeding season when several species of trees and bushes are in a full bloom and attract insects. Therefore, it is unlikely that the stronger reaction to the bumblebee recording was caused by novelty of this stimulus to the birds.

Naïve birds in our experiments did not seem to show any avoidance of novel auditory warning signal (nor visual signal) presented to them by the experimenter. Similar lack of avoidance of aposematically colored Hymenoptera, including bumblebees, by naïve insectivorous birds have been already shown by Mostler ([@CR44]). Therefore, we hypothesize that adult birds to whom the buzzing sound was played in the field were disturbed by the auditory warning signal because they have learned the association between the auditory signal and the risk of being stung by this Hymenopteran species. It is well known that repetitive disturbance at bird nests at the early stages of the nest cycle may lead to nest abandonment (Martin and Geupel [@CR39]). We suggest that the bird sensitivity to disturbance at the nest and to the warning bumblebee buzz might have been exploited by several bumblebee species reported to take over nests from birds (Orell and Ojanen [@CR45]; Rasmont et al. [@CR50]; Mikami and Yamaguchi [@CR42]). It is possible that the warning auditory signals not only help bumblebees in competition with their avian predators but also in competition for cavities with variety of other animals,

In summary, we have provided evidence that an aposematic signal known to help deterring predatory attacks on a potentially harmful prey may also help the prey to win ecological competition with their predators. The results suggest that similar ecological effects of aposematic signals may be present in other predator--prey systems where predator and its aposematic prey compete for the same resources.
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